How endurance training alters muscle lipid metabolism while preserving insulin sensitivity remains unclear. Because acute free fatty acid (FFA) elevation by lipid infusion reduces insulin sensitivity, we hypothesized that training status would alter accumulation of muscle triacylglycerol (TAG), diacylglycerol (DAG), ceramide, and acylcarnitine during acute FFA elevation. Trained (n ϭ 15) and sedentary (n ϭ 13) participants matched for age, sex, and BMI received either a 6-h infusion of lipid (20% Intralipid at 90 ml/h) or glycerol (2.25 g/100 ml at 90 ml/h) during a hyperinsulinemic euglycemic clamp. Muscle biopsies were taken at 0, 120, and 360 min after infusion initiation to measure intramyocellular concentrations of TAG, DAG, ceramides, and acylcarnitines by liquid chromatography-tandem mass spectrometry. Trained participants had a higher V O2 max and insulin sensitivity than sedentary participants. The lipid infusion produced a comparable elevation of FFA (594 Ϯ 90 mol/l in trained, 721 Ϯ 30 mol/l in sedentary, P ϭ 0.4) and a decline in insulin sensitivity (Ϫ44.7% trained vs. Ϫ47.2% sedentary, P ϭ 0.89). In both groups, lipid infusion increased the linoleic and linolenic acid content of TAG without changing total TAG. In the sedentary group, lipid infusion increased total, oleic, and linoleic acid and linolenic acid content of DAG. Regardless of training status, lipid infusion did not alter total ceramide, saturated ceramide, palmitoyl-carnitine, or oleoyl-carnitine. We conclude that during acute FFA elevation, trained adults have a similar decline in insulin sensitivity with less accumulation of muscle DAG than sedentary adults, suggesting that lipid-induced insulin resistance can occur without elevation of total muscle DAG.
INSULIN RESISTANCE IS A CRITICAL CONTRIBUTOR to type 2 diabetes mellitus (T2DM), a disease that adversely affects millions of Americans. Insulin resistance has a well-established association with the metabolic syndrome (15) and predates T2DM (32) . Because skeletal muscle is the largest site of insulin resistance (16, 43) , there is intense interest in understanding the mechanism of insulin resistance in these tissues.
In sedentary humans, muscle insulin resistance has been attributed to lipotoxicity, which is defined as the elevation of lipids and/or lipid metabolites within blood or tissues with subsequent metabolic derangement. Several lines of evidence support this theory. Despite hyperinsulinemia, free fatty acid (FFA) levels are roughly two times higher in humans with obesity (2), insulin resistance (2), or T2DM (39) than in healthy humans. FFA elevation, in turn, increases intramyocellular lipid (IMCL) levels (10), a measurement that in sedentary humans is inversely associated with insulin sensitivity (30, 35) . Although FFA elevation was initially thought to increase muscle insulin resistance by increasing IMCL (10) , subsequent work has suggested that lipid metabolites such as diacylglycerol (DAG) (26, 46) , ceramides (33) , and long-chain acyl-CoAs (31) play more direct, causative roles.
The mechanism by which training alters muscle lipid metabolism while preserving muscle insulin sensitivity remains unclear. Aerobic exercise improves insulin sensitivity (18, 41) and reduces T2DM incidence (24). Yet, an intriguing "athlete's paradox" has been documented, whereby endurance-trained humans exhibit normal insulin sensitivity despite having IMCL content similar to those seen in T2DM (22) . Research addressing this paradox (6, 12, 18) has suggested that training alters not only IMCL levels but also lipid metabolite levels, composition, and localization. This could indicate a more nuanced mechanism by which muscle lipid metabolism can alter insulin sensitivity, which may be modified by endurance training.
The goals of our study were to determine the effect of endurance training, compared with a sedentary control condition, on lipid and lipid metabolite accumulation during acute, moderate FFA elevation. The use of a lipid infusion to acutely elevate FFA in humans is an established model for lipid-induced insulin resistance (3, 8, 9) . Although early studies used a lipid plus heparin infusion to elevate FFA to high physiological levels (8, 9) , more recent studies (3, 13) , including our own (13) , used non-heparin infusion protocols to elevate FFA within the physiological range. This moderate FFA elevation reduces insulin sensitivity (3, 13) with a concomitant disruption of muscle insulin signaling (3). However, whether endurance training modifies the muscle response to lipid infusion remains uncertain, as mixed results of training on lipid infusion-induced insulin resistance have been reported (13, 37) .
This study expands upon our previous work (13) to examine whether training may modify lipid and lipid metabolite accumulation during acute, moderate FFA elevation. The analyses reported here test the hypothesis that moderate FFA elevation from lipid infusion will increase muscle levels of triacylglycerol (TAG), DAG, and ceramide levels and that the observed changes in lipid and lipid metabolite levels will be similar in trained and sedentary participants.
MATERIALS AND METHODS
Research design and methods. The recruitment and protocol for this study have been published previously (13) . A portion of the data in Table 1 has been used in a previous publication (13) . The previous study reported on 28 participants (14 trained and 14 sedentary). The current study included 26 participants (13 trained and 13 sedentary) from the previous analysis. Because of the availability of the muscle lipid for analysis, one sedentary and one trained participant from the previous analysis were removed, and two trained participants, not reported previously, were added. The reported values in Table 1 for sex, age, body mass index (BMI), percent body fat, fasting glucose, FFA, triglycerides, insulin, V O2 max, baseline glucose infusion rate, decline in glucose infusion rate after 6 h of lipid infusion, and change in FFA during lipid/glycerol infusion include data from the previous analysis (13 trained and 13 sedentary) and the new participants (2 trained) not published previously. The main analysis of this study, baseline muscle lipid content and the subsequent response to lipid or glycerol infusion, has not been reported previously. This study was approved by the University of Minnesota Institutional Review Board. This study is registered with www.clinicaltrials.gov (NCT00786487).
Protocol. Briefly, healthy, lean trained (n ϭ 16) and sedentary (n ϭ 14) individuals were recruited and gave written informed consent. Participants were matched for sex, age (Ϯ5 yr), and BMI (Ϯ1.5 kg/m 2 ). Training was self-reported using the short form International Physical Activity Questionnaire, a validated physical activity questionnaire (14) . Individuals who participated in 30 min or less of active exercise weekly were classified as sedentary. Individuals who participated in a regular running program (Ն45 min/day, Ն5 days/wk), preferably with recent marathon experience, were classified as trained.
The protocol was approved by the University of Minnesota Institutional Review Board. Participants underwent three visits at the Masonic Clinical Research Unit (MCRU). Prior to each visit, participants abstained from active exercise (Ն48 h) and food intake (8 h). Visit 1 was a screening visit, including fasting blood draw, height, weight, EKG and treadmill V O2 max (Medgraphics CPX-D metabolic cart). Visit 2 took place for Ն1 wk and Յ1 mo after visit 1. Body composition was measured by dual-energy X-ray absorptometry (Lunar Prodigy), followed by a 3-h hyperinsulinemic euglycemic clamp (1.5 mU·kg fat-free mass Ϫ1 ·min Ϫ1 ) to measure insulin sensitivity. Visit 3 took place within 1 mo of the second visit. For women, all studies were performed during the follicular phase of their menstrual cycle.
Participants arrived at the MCRU on the evening of the third visit, consumed a standard dinner (27% protein, 32% fat, and 41% carbohydrate), remained on bed rest with bathroom privileges, and consumed no other food until study completion. At 8 AM the next day, participants underwent a muscle biopsy on the right vastus lateralis under local anesthesia (34) . After the first biopsy (Bx1) was obtained (0 min), a 6-h infusion of lipid (20% Intralipid at 90 ml/h) or glycerol (2.25 g/100 ml at 90 ml/h) was started. Infusion of Intralipid, comprised predominantly of polyunsaturated fatty acids [linoleic (44 -62%), oleic (19 -30%), palmitic (7-14%), linolenic (4 -11%) and stearic (1.4 -5.5%)] (19) , is an established model for producing lipid-induced insulin resistance (9) . To limit the effect of the lipid infusion to FFA elevation, the control infusion was a glycerol infusion matched to the glycerol content of the lipid infusion. Participants were assigned to either a lipid or glycerol infusion to maintain matching between activity groups. In addition, a hyperinsulinemic euglycemic clamp was started (1.5 mU·kg fat-free mass Ϫ1 ·min Ϫ1 insulin, KPO4 at 50 ml/h, dextrose 20% titrated to keep glucose at 4.7-5.3 mmol/l) and continued for 6 h. After the lipid/glycerol infusion was initiated, the second biopsy (Bx2; 120 min) was obtained from the right vastus lateralis 6 in. proximal to the first biopsy site, and the third biopsy (Bx3; 360 min) was obtained from the left vastus lateralis. For each muscle biopsy (ϳ200 mg), the tissue was trimmed of excess fat at the bedside, immediately frozen in isopentane cooled by liquid nitrogen, and stored at Ϫ80°C.
Muscle lipid analysis. The frozen muscle was processed as described previously (23) . Briefly, the extramyocellular fat was removed and the resultant muscle pulverized to a fine powder using a stainlesssteel mortar and pestle on dry ice. The powder was extracted for total lipids (21) . The extract was divided into three aliquots for specific isolating procedures, as described below.
Muscle TAG and DAG were determined by liquid chromatography mass spectrometry (LC-MS) after undergoing the Supelco SPE procedure for fractionating lipids (Supelclean LC-NH2 solid-phase extraction-SPE tube; Sigma-Aldrich, St. Louis, MO). The fractions were hydrolyzed together with the respective standard curves into FFAs prior to LC-MS analysis (36) . Total TAG and total DAG were considered the sum of the following components in each fraction: myristic acid ( Ceramides (7) were quantified by ultraperformance liquid chromatography/tandem mass spectrometry (UPLC/MS-MS), as described previously. Total ceramide was considered the sum of the follow- Intramyocellular palmitoyl-carnitine and oleoyl-carnitine concentrations were measured by LC-MS/MS (27) .
Statistical analysis. Baseline data are reported as means Ϯ SE. Significant differences at baseline between groups were determined using two-tailed t-tests for continuous variables and the Chi-square test for categorical variables. Multiple group comparisons of muscle lipid levels were performed: 1) trained lipid vs. trained glycerol, 2) sedentary lipid vs. sedentary glycerol, 3) trained lipid vs. sedentary lipid, and 4) trained glycerol vs. sedentary glycerol. Linear mixedeffects models (PROC MIXED), with random intercepts to account for repeated measurements within subjects, were used to examine these group differences as well as differences over the infusion (across biopsies). Muscle lipid levels are reported as least square means Ϯ SE. Pairwise differences between biopsies were performed using post hoc tests. Statistical significance was set to 0.05. All analyses were conducted with SAS (version 9.2; SAS Institute, Cary, NC).
RESULTS
Baseline characteristics. Fifteen trained (8 males and 7 females) and 13 sedentary (7 males and 6 females) subjects had complete data for analysis. Their clinical characteristics are shown in Table 1 . The participants were matched on age and BMI. The trained participants had higher fat-free mass, lower body fat, higher V O 2 max , and higher insulin sensitivity, as measured by the hyperinsulinemic euglycemic clamp. Similar to our previous analysis with expansion to include additional participants (13) , both the trained and sedentary participants had similar (P ϭ 0.89) significant (Ϫ44.7 to Ϫ47.2%) reductions in insulin sensitivity with lipid infusion relative to their respective glycerol control group (P Ͻ 0.01).
Baseline muscle total TAG, total DAG, and saturated DAG were not different between the trained and sedentary groups. Individual fatty acid species in DAG (myristic acid, palmitic acid, palmitoleic acid, stearic acid, oleic acid, linoleic acid, linolenic acid, and arachidonic acid) were also not different between trained and sedentary groups (data not shown).
Muscle total ceramides (P ϭ 0.03) and saturated ceramides (P ϭ 0.05) were greater in the trained participants than in the sedentary participants.
Baseline insulin sensitivity, as determined at visit 2, did not correlate significantly with any of the initial (Bx1) levels of muscle lipids, including total muscle TAG, individual fatty acid components of TAG, total DAG, saturated DAG, or individual fatty acid components of DAG, total ceramide, or total saturated ceramide (data not shown).
FFA levels during the lipid or glycerol infusion. During the hyperinsulinemic euglycemic clamp, lipid infusion produced comparable FFA elevation (594 Ϯ 90 mol/l in trained and 721 Ϯ 30 mol/l in sedentary, P ϭ 0.4). During the hyperinsulinemic euglycemic clamp, glycerol infusion was associated with comparable FFA suppression between both activity groups (P ϭ 0.4), which was likely due to the hyperinsulinemia.
Muscle TAG levels. Figure 1 depicts muscle TAG by time of biopsy and study group. Neither lipid nor glycerol infusion changed muscle TAG concentrations significantly for either trained or sedentary (Bx1 vs. each of Bx2 and Bx3, Fig. 1 ; actual values reported in Supplemental Table S1 ; Supplemental Material for this article can be found online at the AJP- . Biopsies (Bx) were performed at baseline (Bx1), after 120 min (Bx2), and after 360 min (Bx3) of lipid or glycerol infusion. #Significance relative to Bx1 given fitness category and infusion status; osignificance relative to Bx2 given fitness category and infusion status;
ϩ significance between glycerol and lipid groups within fitness category for equivalent biopsies.
Endocrinology and Metabolism website). However, lipid infusion significantly increased linoleic acid content (ϩ63 to 70%, P Ͻ 0.05, for each of Bx2 and Bx3 compared with Bx1 within fitness category and infusion status) and linolenic acid content of TAG (ϩ70 to 88%, P Ͻ 0.05, for each of Bx2 and Bx3 compared with Bx1 within fitness category and infusion status) but not oleic acid. In response to the lipid infusion, the sedentary group increased linoleic and linolenic acid content faster (by Bx2) than the trained group (by Bx3). The increase in linoleic (P ϭ 0.88) and linolenic acid (P ϭ 0.2) by the end of lipid infusion was similar between the trained and sedentary groups. Glycerol infusion did not alter linoleic, linolenic, or oleic acid levels.
Muscle DAG levels. Figure 2 depicts muscle DAG by time of biopsy and study group (actual values reported in Supplemental Table S1 ). At Bx3 after infusion, total DAG concentrations were greatest in the sedentary lipid group, which was also increased significantly compared with their own baseline (P ϭ 0.03 compared with Bx1, P ϭ 0.002 compared with Bx2), the sedentary glycerol group (P ϭ 0.0003 at Bx3), and the trained lipid group (P ϭ 0.01 at Bx3). In contrast, lipid infusion did not significantly alter total DAG in the trained group compared with its own baseline (Bx1) or the trained glycerol group (Bx3).
We examined whether muscle DAG composition changed with lipid infusion. In the sedentary group, the increase in muscle DAG from lipid infusion appears to be driven by increases in oleic acid, linoleic acid, and linolenic acid. Specifically, lipid infusion significantly increased oleic acid (ϩ50%; P ϭ 0.04 for Bx3 compared with Bx1, P ϭ 0.01 for Bx3 compared with Bx2), linoleic acid (ϩ135%; P Ͻ 0.01 for Bx3 compared with Bx1, P Ͻ 0.01 for Bx3 compared with Bx2), and linolenic acid (ϩ250%; P Ͻ 0.01 for Bx3 compared with Bx1 P Ͻ 0.01 for Bx3 compared with Bx2). In the sedentary group, lipid infusion did not significantly increase saturated DAG, eladic acid, or arachidonic acid levels relative to baseline. However, sedentary participants who received lipid infusion maintained higher saturated DAG (P ϭ 0.02) and arachidonic acid levels (P ϭ 0.01) and reduced elaidic acid (P ϭ 0.003) significantly relative to the glycerol control by Bx3. Regardless of training status, participants who received lipid infusion did not significantly increase DAG myristic acid, palmitic acid, palmitoleic acid, or stearic acid relative to their own baseline. In the trained group, lipid infusion did not change total DAG or composition of DAG relative to the participants' own baseline or the trained glycerol control.
Muscle ceramide levels. Figure 3 compares muscle ceramides by time of biopsy and study group. Regardless of training status, lipid infusion did not alter total or saturated ceramide ( Fig. 3 ; actual values reported in Supplemental Table  S1 ). In the sedentary group, glycerol infusion temporarily increased total and saturated ceramide levels (Bx2) relative to baseline (P Ͻ 0.05), which was not sustained by the end of infusion (P ϭ 0.60). Linoleic and linolenic acid levels in muscle ceramides were not measured.
Muscle acylcarnitine levels. To see whether lipid infusion might alter muscle acylcarnitine content, palmitoyl-carnitine and oleoyl-carnitine were quantified from the serial muscle biopsies. At baseline, palmitoyl-carnitine was significantly higher (P ϭ 0.03) in trained participants (0.006 Ϯ 0.001 g/mg tissue) than in sedentary participants (0.004 Ϯ 0.001 g/mg tissue). At baseline, oleoyl-carnitine was significantly higher (P ϭ 0.001) in trained participants (0.03 Ϯ 0.003 g/mg tissue) than in sedentary participants (0.01 Ϯ 0.001 g/mg tissue). Neither lipid infusion nor glycerol infusion altered palmitoyl-carnitine or oleoyl-carnitine levels in either activity group (values reported in Supplemental Table S1 ).
DISCUSSION
This study examined the effect of training on lipid and lipid metabolite accumulation in muscle during acute, moderate FFA elevation from Intralipid infusion. We were interested in whether training might alter muscle lipid accumulation during acute FFA elevation and whether this might mirror the decline in insulin sensitivity with acute FFA elevation. Similarly to our previous analysis of a subset of the presented data (13), insulin sensitivity decreased to a similar degree in both trained and sedentary participants in response to the lipid infusion. Under these conditions, we did not see an overall increase in muscle levels of TAG, but we did observe accumulation of linoleic and linolenic acid in muscle TAG, reflecting the lipid infusion. In sedentary participants, acute FFA increased DAG levels, with DAG composition reflecting the FFA exposure. In contrast, acute FFA elevation did not alter total DAG or composition of DAG in trained participants. Acute FFA elevation did not alter muscle ceramide levels (total or saturated) or muscle acylcarnitine (palmitoyl-carnitine or oleoyl-carnitine) levels in trained or sedentary participants. These findings suggest that lipidinduced insulin resistance may be dissociated from total muscle TAG, DAG, and ceramide accumulation, particularly for trained humans.
The majority of the current literature examining training effects on muscle lipid has focused on a single time point. In trained participants, the maintenance of insulin sensitivity in the setting of high muscle lipid has generally been attributed to alteration in muscle metabolites, specifically lower total DAG (5, 18), lower saturated DAG (5), alterations in DAG localization (5), reduced total ceramide content (12, 18) , and reduced saturated ceramide content (12) . This literature, however, remains mixed as training has also been shown to be associated with higher total DAG (1), no change in total DAG (17) , and no change in total ceramides (1, 17) . The use of lipid plus heparin to significantly increase FFA two-to fourfold above baseline in sedentary participants does not alter muscle DAG (as measured by DAG-kinase assay) (45) or ceramide content (25, 45) . Our findings extend this literature by using serial biopsies to examine how training modifies muscle lipid accumulation, as measured by liquid chromatography/tandem mass spectrometry, in response to a more modest FFA exposure.
The mechanism for muscle lipid accumulation and reduction in insulin sensitivity from acute FFA elevation appears to be distinct. Intralipid is comprised predominantly of polyunsaturated fatty acids [linoleic (44 -62%), oleic (19 -30%), palmitic (7-14%), linolenic (4 -11%), and stearic acid (1.4 -5.5%)] (19) . Because lipid infusion increased both linolenic and linoleic acid in TAG, plasma FFA appears to be incorporated into muscle TAG. The lipid infusion caused statistically significant increases in oleic acid, linolenic acid, and linoleic acid in DAG in the sedentary participants, with a trend toward an increase in trained participants. This suggests that plasma FFAs are more likely to accumulate in DAG in the sedentary than in trained humans, which could theoretically be due to increased FFA incorporation into DAG, reduced transition from DAG to TAG, or a combination of these two mechanisms.
Our data suggest that the plasma FFA kinetics through the DAG pool is different between sedentary and trained subjects. Given the serial biopsies in this study, alterations in muscle TAG and DAG reflective of the lipid infusion appear earlier in sedentary participants than in trained participants. This suggests that in the sedentary participants, FFAs from the lipid infusion may enter more readily into DAG and more rapidly transition to TAG than the trained group. It is possible that the FFAs from lipid infusion in trained adults might be trafficked preferentially to phospholipid synthesis for a period of time before beginning to appear in DAG and then TAG (40) . Future studies that employ FFA stable isotope infusions will be important to distinguish the possible fates of intramyocellular fatty acids and the response to training (27, 28) .
Yet regardless of the differences in lipid accumulation, both trained and sedentary groups had a profound reduction in insulin sensitivity with acute FFA elevation. Although the reduction in insulin sensitivity in our trained participants was more profound than that reported by an independent group (37), this group (37) observed that acute FFA elevation reduced oxidative glucose disposal. Thus, a potential mechanism for our observed decline in insulin sensitivity with FFA exposure may trace back to the Randle theory, which states that increased fat utilization occurs at the expense of glucose utilization (38) . It has been shown previously that lipid infusion increases pyruvate dehydrogenase kinase-4 phosphorylation (37), suggesting that the Randle cycle contributes to the reduced glucose oxidation. The stability of muscle palmitoyl-carnitine and oleoyl-carnitine content regardless of infusion suggests that lipid infusion does not indiscriminately increase acylcarnitines. Whether this reflects increased muscle fat oxidation or a mismatch between fatty acid oxidation and TCA cycle flux (29) as a reason for reduced insulin sensitivity remains unknown, as other acyl-carnitines, not measured due to the lack of comprehensive long-chain acyl-carnitine standards at the time of the analyses, might be increased (29) .
The clinical relevance of our findings is that regardless of training status, moderate, acute FFA elevation is sufficient to reduce insulin sensitivity independently of muscle TAG, DAG, ceramide, and acylcarnitine accumulation. Our study contrasts with earlier studies that have attributed lipid-induced insulin resistance to accumulation of total DAG (26) or ceramides (44) and suggests that factors beyond lipotoxicity (42) may also contribute to lipid-induced insulin resistance. Our findings will direct future studies to examine how training alters muscle lipid accumulation and turnover and to determine whether this would have implications on maintaining insulin sensitivity outside of acute FFA exposure.
This study has several strengths. One strength is the use of serial biopsies to evaluate lipid and lipid metabolites prospectively over moderate FFA infusion, which showed that alterations in muscle TAG and DAG that are reflective of the lipid infusion occur earlier in sedentary than in trained humans. Another strength is the use of cutting edge mass spectroscopy to quantify the composition of DAG, ceramides, and acylcarnitine to provide a more nuanced perspective beyond total levels of lipid metabolites. Yet another strength is the ability to specifically examine the effect of acute FFA elevation by using a glycerol control matched to the glycerol content of the lipid infusion. We acknowledge several limitations of the study. This study did not measure glucose oxidation or nonoxidative glucose disposal. The study did not examine lipid droplet size, number, or localization relative to mitochondria, all of which may play a role in lipid mobilization separately from total muscle TAG levels (17). We did not determine DAG localization relative to the membrane or cytosol, which may play an important role in DAG's effects (5) . Finally, we did not measure whole body lipid oxidation (20) or muscle lipid oxidation (4), which may influence muscle lipid accumulation.
CONCLUSIONS
We found that regardless of activity status, moderate FFA elevation profoundly reduces insulin sensitivity and alters muscle TAG composition. Training status is associated with a divergence in DAG accumulation with moderate FFA elevation and appears to affect muscle lipid storage in response to FFA exposure. These findings suggest that lipid-induced insulin resistance may be dissociated from total muscle TAG, DAG, and ceramide accumulation, particularly for trained humans. These findings also suggest that the increase in total muscle DAG is not necessary for acute fatty acid-induced insulin resistance in athletes and suggest the need to reconsider DAG as the causative factor for muscle insulin resistance. Whether this reflects the mechanism by which training preserves muscle insulin sensitivity outside of acute FFA elevation requires further study.
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